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Reliable NDE techniques for green-state (unfired) ceramics are needed 
(l) to evaluate ceramic powder processing and compaction methods and 
(2) to screen out defective ceramic components prior to the costly 
densification process. Past work in the application of ultrasonic NDE to 
green-state ceramics has been hampered by the lack of an efficient yet 
safe means to obtain ultrasonic coupling, since conventional coupling 
fluids (water, gels, oils, etc.) have a detrimental effect on fragile 
green-state materials. In early work, direct contact pressure was used to 
obtain dry coupling between transducer and specimen [1]. This approach 
was later improved upon by placing an elastomer membrane between the 
transducer and specimen; this method provided efficient coupling at 
significantly lower contact pressures [2]. In the study presented here, 
an acoustically transparent plastic membrane was held against the ceramic 
specimen by atmospheric pressure [3). The advantage of this technique is 
that it allows the use of ultrasonic immersion techniques as well as 
contact transducers. 
Another impediment to ultrasonic measurement in green-state ceramics 
is the extreme attenuation inherent in the compacted powder specimens. 
Owing to this attenuation, previous work has been limited to the measure-
ment of bulk material properties (density, elasticity, agglomeration, 
etc.). In contrast, this paper discusses the potential for detecting 
isolated inclusions and regional inhomogeneities in material parameters by 
using focused ultrasound fields. 
THROUGH-TRANSMISSION EXPERIMENT 
A diagram of the coupling fixture used to isolate the ceramic speci-
men between acoustically transparent plastic membranes is shown at the top 
of Fig. l. The fixture consists of two Plexiglass plates separated by an 
RTV rubber seal. A hole large enough to accommodate the specimen is cut 
through the center of the fixture. The specimen is placed in the hole, 
and both faces of the fixture are covered with a plastic film. The film 
is drawn into intimate contact with the specimen by evacuating the fixture 
with a vacuum pump. A photograph of a 1.5-in. (38-mm)-diam by 0.25-in. 
(6.4-mm)-thick green-state SiC disk mounted in the fixture is shown at the 
bottom of Fig. l. 
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Fig. 1. Vacuum- coupled film apparatus for dry-contact coupling of ultra-
sound to green-state ceramics: (top) cross-sectional diagram, 
(bottom) photograph of SiC specimen enclosed in fixture. 
Ultrasonic measurements are generally performed in a through-
transmission immersion configuration with the coupling fixture immersed in 
a water bath. The frequency spectrum of a broadband compressional wave 
pulse after transmission through a 0.25-in. (6.4-mm)-thick specimen of 
green-state MgAl o4 is shown in Fig. 2. The measurement was made with a 
pair of 0.5-in. tl2.7 mm)-diam unfocused transducers with a 7.5-MHz center 
frequency response. The deconvolved spectrum in Fig. 2 demonstrates the 
extreme attenuation typical of green-state ceramic. Signal-processing 
algorithms have been developed which model the ceramic specimen as a homo-
geneous isotropic layer with complex-valued elastic constants that depend 
arbitrarily on frequency [4]. These algorithms calculate the complex-
valued compressional and shear wavenumbers (ka' a = L,T) from deconvolved 
spectra such as that shown in Fig. 2, for arbitrary nonperpendicular 
incidence. Using these algorithms, it was determined that the attenuation 
of the compressional pulse (imaginary component of k1 ) in Fig. 2 is 
80.7 dB/em at 7.5 MHz. Such attenuation is typical of green-state 
ceramics. Furthermore, these calculations reveal that, in general, the 
attenuation of high-quality green-state compacts depends linearly on 
frequency. A linear dependence on frequency often indicates internal-
friction losses in the form of stress-strain hysteresis [5]. It is 
conceivable, therefore, that attenuation losses are more aptly attributed 
to frictional losses in an anelastic medium than to scattering from 
porosity contained in an elastic medium. Deviations from the linear 
dependence of attenuation on frequency have been used to indicate 
anomalous microstructural conditions [6]. This paper will not consider 
such questions of material characterization. Instead, discussion will 
be devoted to the propagation of highly focused ultrasonic pulses in 
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Fig. 2. Amplitude spectrum of a compressional wave pulse transmitted 
through a 0.25-in. (6.4-mm)-thick MgAl204 specimen. 
Deconvolved spectrum is also shown. 
green-state ceramic, and the subsequent use of these pulses to image 
localized structural anomalies. In all experiments reported below, 
focused through-transmission pulses were generated with a pair of 0.75-in. 
(19-mm)-diam broadband (10-MHz center frequency) transducers with a 
1.0-in. (25.4-mm)-spherical focus in water. 
MODEL FOR FOCUSED BEAM TRANSMISSION 
The transmission of the focused ultrasonic pulse is significantly in-
fluenced by the frequency dependence of phase velocity and attenuation in 
the green-state material, and by the frequency dependence of the beam 
focusing. The combined effects of these influences were studied by use of 
a model for scattering of a focused pulse by a spherical elastic inclusion 
contained in an isotropic, homogeneous matrix. The matrix is character-
ized by the mass density p and by the complex-valued wavenumbers k (w), 
a= L, T, where w is the circular frequency of a time-harmonic motfon. 
The wavenumbers are calculated from experimental pulsed through-
transmission data by means of the previously mentioned signal processing. 
Displacements and tractions are expressed in terms of displacement 
potentials ~ and $, which satisfy Helmholtz operators for the longitudinal 
(compressional) and transverse (shear) wave fields, respectively, and are 
coupled through boundary conditions imposed by elasticity theory. 
The focused ultrasonic beam is assumed to be a longitudinal wave 
motion with radial symmetry, and can therefore be written 
kL = (k2 2)1/2 
3 L - y ' 
(1-a) 
(1-b) 
(1-c) 
where J is the zeroth-order Bessel function and f(y,w) is the Hankel 
0 transform of the beam potential f(s,w) in the x3 = 0 plane. The square 
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root in k~ is defined to insure both propagation in the +x3 direction and 
convergence of the integral. 
The profile of the experimental ultrasonic beam was measured by 
scanning a small-diameter wire (wire diam << beam diam) through the focal 
plane of the focused transducer pair in water. At each scan position, the 
experiment recorded the amplitudes of transmitted sinusoidal wavetrains 
with center frequencies of 1.25, 2.5, 5.0, and 10.0 MHz. To simplify the 
calculation, a one-parameter re~resentation of beamwidth was obtained by 
fitting a gaussian, exp(-a(w) x ), to the measured beam profiles. The 
measured beam profiles are shown in Fig. 3 along with the fitted gaussian 
profiles. The measured profiles at the lower frequencies are contaminated 
with considerable electronic noise owing to the relatively small ampli-
tudes of the scattered fields. An approximate function describing the 
frequency dependence of beamwidth was constructed by linearly interpolat-
ing the values of a(w) measured at 1.25, 2.5, 5.0, and 10.0 MHz. A plot 
of this interpolation is shown in Fig. 4. In general, the longitudinal-
wave velocity in green-state ceramics is only slightly greater than that 
in water. Hence, the beam profile measurement made in water is likely a 
good indication of the beam profile in the ceramic material. 
In the work presented here, a radially symmetric gaussian beam 
profile is assumed in eq. (1): 
2 f(s,w) = T(w) exp(- a(w) s ), (2) 
where a(w) is equated to the beamwidth function shown in Fig. 4. T(w) 
represents the idealized frequency response of the damped piezoelectric 
crystals contained in the transducers, and is approximated by the experi-
mentally measured frequency response of the focused transducer pair in 
transmission through water. 
The formulation for scattering of longitudinal plane waves by an 
elastic sphere contained in a lossless elastic medium was presented by 
Ying and Truell [7]. Details of this formulation will not be presented 
here. Using the notation of Pao and Mow [8], one may express the 
scattered longitudinal-wave potential as 
"' 
</>sc(r,6) = I Lp A h (k1 r) P (cos 6), n n n n 
n=o 
where h and P represent spherical Hankel functions and Legendre poly-
n n 
nomials, respectively. The coefficients An are obtained through the 
(3) 
imposition of boundary conditions on the surface of the spherical inclu-
sion centered at the origin of the (r, 6, </>) spherical coordinate system. 
The coefficients Lp are the coefficients of the expansion of the incident 
plane wave exp(ikLnx3) in terms of products of spherical Bessel functions 
and Legendre polynomials. In the formulation of Pao and Mow, 
In the work presented here, the theory of Ying and Truell is general-
ized to accommodate complex-valued wavenumbers kL, kT. Furthermore, the 
expansion coefficients of the incident plane wave Lp are replaced by the 
corresponding expansion coefficients of a radially ~ymmetric focused beam, 
i.e., 
00 
(4) 
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Fig . 3. Profiles of time-harmonic focused beam at four different 
frequencies, obtained with a 0.75-in. (19-mm)-diam, 1.0-in. 
(25.4-mm)-focal-length focused transducers. Fitted gaussian 
profiles are also shown. 
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Fi g . 4. Interpolated beamwidth parameter a (t,l) obtained f rom gaussian 
beam pr ofi l e s of Fig. 3. 
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Letting s = o in eq. (1) (or, equivalently, a 
the relation 
co 
o in eq. (4)), and using 
exp (i k1 x3 cos v) = L in (2n + 1) jn (k1 x3) Pn (cos v) (5) 
where cos v 
L 
n 
n=o 
L k3/k1 , one can derive the following formula for Ln: 
(6) 
A 
It is assumed in writing eq. (6) that f(8, w) = 0 for 8 ) ~· or, equiv-
alently, that the evanescent components of the angular beam spectrum are 
negligible. 
The total field seen by the receiving transducer after transmission 
through the inclusion is represented by 
{1) 
The on-axis through-transmitted pulse is obtained numerically by evaluat-
ing eq. (7) for a = 0 over the frequency bandwidth of the transducer, then 
Fourier-transforming the result to the time domain. 
A theoretical prediction of the effect of a scattering inclusion on a 
through-transmitted focused pulse is presented in Fig. 5-a. The complex-
valued wavenumbers used in the calculation were measured in a 0.25-in. 
(6.4-mm)-thick specimen of green-state Si3N4• The inclusion considered is 
a 500-pm-diam glass sphere. It is interesting to note that the early-
arriving portion of the signal is quite sensitive to the inclusion, 
whereas the latter portion of the pulse is practically unaffected by 
scattering. Numerical experimentation demonstrated that this is the 
result of velocity dispersion, which groups the higher-frequency energy 
towards the initial portion of the pulse. The greater sensitivity of 
higher frequency spectral components to the inclusion results from both 
stronger scattering (larger ka) and an increase in beam focusing. All 
these factors combine to provide a greater sensitivity to the scattering 
inclusion than would otherwise be expected. 
Experimental verification of the effect of the scattering inclusion 
on the through-transmitted pulse is presented in Fig. 5-b. The solid 
curve is an actual pulse transmitted through the specimen used for the 
calculation of Fig. 5-a. The dashed curve represents the pulse received 
at the site of a suspected inclusion contained in the same specimen. The 
results agree well with the theoretical prediction both in the shape of 
the through-transmitted pulse and in the response to the scattering inclu-
sion. In particular, the leading edge of the pulse shows an increase in 
amplitude, whereas the following maximum and minimum undergo significant 
decreases in amplitude. Again, the latter portion of the pulse is unaf-
fected by scattering. The actual size of this inclusion was not deter-
mined because this particular specimen was intended for further NDE 
studies after densification. However, the destructive analysis of a simi-
lar specimen, shown below, verifies that the theoretically predicted sen-
sitivity to inclusions with diameters on the order of 500 pm is indeed ob-
served in the experiment. Work is currently under way to quantify the re-
lation between inclusion parameters and the pulse response, with the goal 
of developing an algorithm to estimate inclusion sizes and hardness in the 
time domain. Such an algorithm would be of value in analyzing the large 
volumes of data that are obtained in the ultrasonic scans described below. 
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Fig. 5. Focused compressional wave pulses transmitted through 0.25-in. 
(6.4-mm)-thick Si3N4. (a) Theory, (b) experiment. Pulses 
transmitted through matrix only and through matrix plus inclusion 
are compared. 
FOCUSED THROUGH-TRANSMISSION IMAGING 
The focused through- transmission configuration is currently used to 
image green-state compacts. The focused transducers are simultaneously 
scanned in a plane parallel to the coupling fixture containing the ceramic 
specimen. The computerized scanning system records through-transmitted 
pulses received on a x-y rectangular grid comprising up to 512 x 512 
pixels with a maximum scanning resolution of 2 pm. Images are constructed 
from the recorded waveforms with one of several signal-processing algo-
rithms. Images are then displayed on a 512 x 512 pixel high- resolution 
video monitor. 
An image of a 0.25-in. (6.4-mm)-thick green-state specimen is shown 
in Fig. 6-a. The image was constructed from 256 x 256 waveforms (one for 
each pixel) measured at 150-pm intervals covering a 38.4 x 38.4- mm portion 
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Fig. 6. (a) Focused through-transmission amplitude image of 0.25-in. 
(6.4-rnrn)-thick Si3N4 specimen. Image covers 38.4 x 38.4 rnrn. 
(b) Micrograph of indicated inclusion in (a), uncovered through 
destructive analysis. The inclusion is -Roo ~m across. 
of the specimen. The image displays the amplitude of the first maximum in 
pulses such as those of Fig. 5-b. Numerous inclusions are distinctly 
seen. The largest of these inclusions was uncovered through a destructive 
analysis following epoxy impregnation of the specimen. The micrograph of 
the uncovered inclusion shown in Fig. 6-b reveals a diameter of ~800 ~m. 
In addition to the detection of contaminating inclusions, focused 
through-transmission imaging has proved useful in the mapping of local 
nonuniformities in material properties. As an example, it is known that 
ultrasonic velocity is proportional to the compaction density of the 
green-state powders. Maps of compaction density are therefore constructed 
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from the recorded waveforms by displaying the transit time of the first 
maximum of the through-transmitted pulses. The left side of Fig. 7 
displays a transit time image of a green-state MgA12o4 specimen previously 
shown (through x-ray CT imaging (9]) to contain nonuniformities in compac-
tion density. The darker regions of this image represent higher compac-
tion densities (shorter pulse transit times or higher velocity). Such 
nonuniformities in compaction density are known to accompany cold uniaxial 
compaction [10]. Two of the pulses from which the image was constructed 
are also shown in Fig. 7. The observed difference in transit times 
represents an ~s% variation in wave velocity. The corresponding variation 
in density within the sample has yet to be determined. 
CONCLUSIONS 
The use of focused ultrasound fields in conjunction with the vacuum-
coupled film encapsulating technique provides an effective means for the 
detection of isolated inclusions and localized inhomogeneities in green-
state ceramic materials. Sub-millimeter inclusions have been successfully 
imaged in 0.25-in. (6.4-mm)-thick green-state specimens. Likewise, local-
ized nonuniformities in compaction density can be effectively imaged. The 
integration of such techniques into ceramic processing prior to densifica-
tion could have a significant impact on both product cost and reliability. 
lbl 
Fig. 7. (Above) focused through-transmission transit time image of 
0.25-in. (6.4-mm)-thick MgAlz04 specimen. Darker regions 
of the image represent regions of greater compaction density . 
(Right) one pulse from region (a) and one from region (b). Note 
difference in transit time T. 
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